The aim of this study was revealing the temperature changes in rats' brain tissue caused by whole body hyperthermia. The analysis of received results allows to conclude that the brain has a highly secured system of temperature autoregulation against the exogenous temperature changes. The upper limit of this autoregulation (for rats, at least) is in the range of 45 ∘ C of environment. An important role in the normal functioning of the brain temperature autoregulation system belongs to Nitric Oxide. The behavioral disorders, observed in animals after whole body hyperthermia (sure within the range of brain temperature autoregulation) are hardly associated with the changes in temperature of the Central Nervous System, but rather have to be mediated by impaired blood circulation and oxygen supply to the brain tissues, caused by the rapid deterioration of the blood rheological properties.
Introduction
In our previous experimental studies significant morphophysiological changes in the rats' brains tissue caused by local hyperthermia (43 ∘ C, 60 min. exposure) have been revealed [1, 2] . On Figure 1 we can see the clear-cut edge of damaged tissue in the rat's cerebral cortex. Analysis of the results allowed us to conclude that in the development of these changes essential role belongs to the mechanism associated with intense activation of Nitric Oxide Synthases (NOS), resulting (in the initial phase of hyperthermic exposure) in increased oxygenation of exposed brain tissue, and then (in the second phase of exposure), to changes in blood rheological properties resulting in thrombosis of cerebral vessels [3] .
Confirmation of this conclusion is presented in Figures 2(a) and 2(b). In Figure 2 (a) we can see a sensory-motor cortex of rats' brains with a lot of thrombosed cerebral vessels after 60 minutes of hyperthermic exposure in control rats brains, and in Figure 2 (b), the similar picture in experimental rats' brains with inhibited production of Nitric Oxide, we can see just a single thrombosed cerebral vessels.
In the case of tumor tissue, we believe that the initial thermal hyperemia leads to a deterioration in the process of glycolysis due to increased oxygenation of tissues (Pasteur effect), and subsequent thrombosis leads to the sharp decrease in glucose delivery to tumor cells and to their unconditional death. Based on the foregoing, we attempted to evaluate the possible role of these phenomena in behavioral disturbances in rats observed after whole body hyperthermia [4] . For this purpose, we implanted specially made thermocouples in the subcortical structures of the rats' brains, which allowed us to record changes in temperature of the brain tissue at different temperatures in HC.
Two series of experiments have been carried out-on intact animals and on animals with previously administered (intraperitoneally) nonselective inhibitor of NOS (Nitro-LArginine Methyl Ester-L-NAME). The rectal temperature was also recorded. Raising the temperature in the HC up to 45 ∘ C and its maintenance on this level during 1 hour did not lead to temperature increase in the subcortical brain structures of intact animals above the 36-36.5 ∘ C. These results led us to temporarily suspend behavioral experiments and to more detailed study of this phenomenon-temperature homeostasis in the brain.
Materials and Methods
The used approach was quite simple: specially designed (in Bicher Cancer Institute, Los Angeles, USA) for these experiments, thin (300-400 mcm in diameter) teflon-covered thermocouples with a bared active tip (about 1.5-2 mm) were implanted into the brains of experimental animals (rats). Thermocouples were dipped in the subcortical structures (in the area of thalamic nuclei), and their connectors were fixed on the skull. In one series of experiments on the third day after chronic implantation of a thermocouple, the animals were narcotized (0.15 mL/100 g, 4% solution of chloral hydrate) and placed in the HC (Figure 3) , and by means of insulated cable the thermocouple was connected to the digital meter of temperature. Two series of experiments were carried out: the first on animals which before the hyperthermic exposure did not receive any pharmacological agents and the second series on animals which 15 minutes before the beginning of hyperthermic exposure were intraperitoneally injected by nonselective inhibitor of Nitric Oxide Synthase Nitro-LArginine Methyl Ester (L-NAME, 50 mg/kg).
The temperature in hyperthermic chamber, as well as in animals brain tissue, was measured continuously, while the rectal temperature-discretely, in every 15-20 minutes.
The temperature in the hyperthermic chamber was gradually (in duration of 25-30 minutes) increased up to 45 ∘ C and this level was automatically maintained for 60 minutes. Depending on the condition of the animals in some cases we continued the rise of temperature in chamber up to 48-50 ∘ C. In other groups of animals, those intact and those with a preliminarily administered L-NAME (in the aforementioned dose), an index of red blood cells (RBC) aggregation-one of the most important rheological parameters of blood-was determined at different temperatures in HC.
All received results was evaluated statistically and significance of differences between mean values were assessed by Student's Criterion.
Results
Changes in the brain tissue temperature, when the temperature in the HC in duration of 30 minutes was increased from 38 to 45 ∘ C, then was maintained on this level (45 ∘ C) for 60 minutes, and after that was slowly (in duration of 75 minutes) raised up to 50 ∘ C, are presented in Figure 4 . In this picture we can see the data on changes in temperature in the hyperthermic chamber (dark points)-which is automatically adjusted to a level that is specified by the experimenter, and in the rats' brains tissue (open circles)-continuously measured with a thermocouple implanted in the brain.
As seen in this figure, the temperature in the brain tissue of postoperative animals (before beginning of hyperthermia) is around 33 ∘ C and begins to rise with the onset of whole body hyperthermia. And when the temperature in the chamber reaches 45
∘ C the brain temperature stabilizes on the level of 36-36.5
∘ C inspite of the fact that the 45 ∘ C in the chamber lasts 60 minutes. If, however, we continue rising the temperature in the chamber even just on the one degree of Celsius, the stability of the temperature in the animals brain is disturbed and if we will continue temperature rising, the brain temperature will almost linearly lead to increasing temperature in the chamber. Practically, we were faced with a phenomenon that can be called the autoregulation of brain temperature or temperature homeostasis.
A fundamentally different picture is observed if prior to the hyperthermic exposure, the animal is intraperitoneally injected nonselective Nitric Oxide Synthase inhibitor L-NAME (Nitro-L-Arginine Methyl Ester) at a dose of 50 mg/kg. The results of measurements made on these animals are shown in Figure 5 . Variation of temperature in the hyperthermic chamber presented in this picture (both in duration and in the absolute values of the temperature) is identical to that of the previous picture. However, the dynamics of the temperature variation in the brain is fundamentally changed-a plateau that occurs on the corresponding curve in intact animals is absent here. the Temperature curve, recorded from the brain of animals with inhibited Nitric Oxide Synthase activity, starts smoothly and continuously to grow with the onset of hyperthermia and so lasts until the end of experiment, that is, until the death of the animal, which usually occurs when the brain temperature reaches the range of 40-41 ∘ C. As for the dynamics of changes in rectal temperature in all experimental conditions we used, it is shown on Figure 6 . Here we can observe a mixed picture. Analysis showed that the statistical significant difference between the readings at different experimental conditions was observed only in the short time intervals of hyperthermic exposure and does not have a regular character.
A special series of experiments was conducted to determine the changes in the index of erythrocyte aggregation caused by hyperthermic exposure in intact and L-NAMEadministered animals. The results of these measurements are presented in Table 1 , where we can see the average values of this index at normal (room) temperature (21-23 ∘ C) and 40, 43, and 45 ∘ C.
Discussion
The basic mechanisms underlying the regulation of body temperature in humans and animals have always been the focus of the attention of scientists and it should be noted that in this area significant progress has been achieved, both in condition of norm and pathology [5] [6] [7] [8] . However, substantially different picture appears if we consider the issue of temperature regulation in the brain not only in case of external but also in case of internal impacts (associated with changes in temperature caused by different levels of brain functional activity) [9] . There is an evidence that the direction of temperature changes in the brain of the cat during visual stimulation is dependent on the frequency of flashing light-at low frequencies the temperature increased, while at high frequencies it decreased [10] . It was also established that under normal physiological conditions, the temperature in the deep brain structures is higher than the temperature of arterial blood, and closer to the brain surface, due to exchange with the environment-the situation is diametrically opposite [9, 11, 12] . It is believed that quantitatively this phenomenon is regulated by the temperature shielding effect of blood flow, which protects the subcortical structures of the brain from penetration of "extracranial cold" [13] , although it would be more appropriate, instead of "extracranial cold" use the expression "ambient temperature changes. "
In accordance with our above described results, the rat's brain has a sufficiently effective system of thermoregulation in case of sharp rise in environmental temperature and the upper limit of this autoregulation is 45 ∘ C. Further increase of temperature in the hyperthermic chamber (above 45 ∘ C) leads to disruption of this autoregulation-the temperature in the brain increases in a linear function of chambers' temperature and when it reaches 40-41 ∘ C the animal dies. We completely agree with Mingming et al. [14] who in their study concluded that the depth of the thermal shielding of the brain is critically dependent on cerebral blood flow. This is clearly evidenced by our data showing that the preliminary (15 minutes prior to hyperthermic exposure) administration of a nonselective inhibitor of Nitric Oxide Synthase (L-NAME, 50 mg/kg) completely disrupts the autoregulation of temperature in the of brain tissue and from the very beginning of hyperthermic exposure its dynamics linearly follows the changes of temperature in the chamber.
It is known that a sharp decrease in the synthesis of Nitric Oxide (if not its complete blockade) leads to the same sharp decrease in blood flow and increase in systemic arterial pressure (approximately on 60%) [15] . We know as well that the endothelial Nitric Oxide Synthase controls basal vascular tone, and that the Nitric Oxide is involved in neurogenic vasodilation in response to a rise in body temperature [16] . In addition, it was found that L-NAME inhibits the norepinephrine-induced increase of blood flow in brown adipose tissue-in the main thermogenic organ [17] . All the above confirms that Nitric Oxide is an important component in the system of thermoregulation not only for the brain but also for the whole body.
The intensity of the circulation and, hence, the degree of maintenance of temperature homeostasis are largely dependent on the rheological properties of blood [18] , one of the most important indicators of which is an index of erythrocyte aggregation. However, this parameter itself is extremely temperature dependent, which is mainly due to the influence of temperature on the viscosity of the plasma and intererythrocyte interaction, promoting their aggregation [19] .
Increased blood viscosity, adversely affecting its fluidity, further facilitates the aggregation and such an avalanchelike development of processes leads to formation of vascular thrombosis. This is one of the main and intended purpose of the local hyperthermia in case of tumor tissue, but it is a matter of special consideration and analysis.
Based on the fact that our study was conducted on rats, it is necessary to recall that between species of vertebrates the index of RBC aggregation varies greatly [20] and it is the lowest in the rats that have very poorly defined tendency to aggregation of RBC [21] . There is strong reason to believe that Nitric Oxide plays an important role in the regulation of blood rheology, particularly in the phenomenon of RBC aggregation, and that disruption of this regulation is one of the factors causing the development of L-NAME-induced hypertension [21] . It is believed that Nitric Oxide-induced improvement in the deformability of RBC and decrease in their aggregability are the results of Nitric Oxide direct action on RBC, which is considered as a sufficient reason for use of Nitric Oxide donors to improve blood fluidity [22] . However, it should be emphasized that this applies only to Nitric Oxide produced by activation of the constitutional forms of NOS, primarily the endothelial one (eNOS).
In 1987 Maeda et al. [23] showed that at increase in temperature (in a range of 5 to 43 ∘ C) velocity of fibrinogeninduced RBC aggregation increases. Our data presented in Table 1 show that increase of temperature in hyperthermic chamber leads to multiple, statistically significant increase in the rats' RBC aggregation index, which, in contrast to other vertebrates, as already noted, normally probably is very low [24] . On the background of NOS inhibition by L-NAME we recorded (see Table 1 ) statistically significant ( < 0.05) decrease in RBC aggregation index at all temperature regimes of hyperthermia. Is this in contradiction with the above-mentioned effect of Nitric Oxide on the aggregation of RBC? We believe that there is no contradiction, because it is well known that hyperthermia stimulates the excessive production of Nitric Oxide, as it causes a significant activation not of only the constitutional isoforms of NOS but also the of inducible one (iNOS) [25] which is accompanied with sharp intensification of free-radical processes and formation of peroxynitrite.
Along with this, the xanthine oxidase-induced generation of reactive oxygen species increases dramatically [21] . These effects primarily influence the process of RBC aggregation. Free radicals' attack leads to damage not only in the membrane of red blood cells but also in their cytoplasmic structures, which leads to an increase in the index of aggregation, to the durability of aggregates, and, consequently, to a considerable increase in the shear rate required for their disaggregation [21] . Increased blood viscosity, adversely affecting its fluidity, further facilitates the aggregation and such an avalanche-like development of processes leads to formation of vascular thrombosis. This is one of the main and intended purposes of the local hyperthermia in case of tumor tissue, but it is a matter of special consideration and analysis.
Based on the foregoing it is clear that nonselective inhibition of all isoforms of NOS by means of L-NAME on Conference Papers in Medicine 5 the background of hyperthermia results (in our experiments) in the reduction of red blood cell aggregation index.
Conclusion
The analysis of all the above data led us to the following conclusions.
(1) The brain has a highly secured system of temperature autoregulation against the exogenous temperature changes.
(2) The upper limit of autoregulation (for rats, at least) is in the range of 45 ∘ C of environment.
(3) An important role in the normal functioning of the brain temperature autoregulation system belongs to Nitric Oxide.
(4) Behavioral disorders, observed in animals after whole body hyperthermia (sure within the range of brain temperature autoregulation), are hardly associated with the changes in temperature of the Central Nervous System, but rather have to be mediated by impaired blood circulation and oxygen supply to the brain tissues, caused by the rapid deterioration of the blood rheological properties.
